Ty1-copia-like retrotransposable elements were amplified from Vigna species by the polymerase chain reaction (PCR) with primers derived from the conserved region of the reverse transcriptase (RT) gene. Southern blots of genomic DNA digests from Vigna unguiculata and related species probed with the PCR derived sequences from V. unguiculata (rt-cow), V. unguiculata subsp. dekindtiana (rt-dek), V. luteola (rt-lut) and V. exillata (rt-vex) showed variable hybridization patterns and intensities, generally correlating with taxonomic relationships. Sequencing of four clones revealed homologies to the reverse transcriptase gene of known Ty1-copia-like elements, although comparison of the predicted peptide sequences with each other and previously isolated reverse transcriptase genes from other legumes typically showed less than 50 % identity. Fluorescence in situ hybridization of the PCR products showed that Ty1-copia elements represented a major fraction of the genome and were dispersed relatively uniformly over all chromosomes, with exclusion from centromeric, subtelomeric and nucleolar organizing regions, and a few sites of greater abundance. We are now able to start to understand the organization, variability and evolution of retrotransposons within the Fabaceae.
INTRODUCTION
Vigna unguiculata (L.) Walp. (2n l 2x l 22), cowpea, belongs to the tribe Phaseoleae, of the sub-family Papilionoideae in the Leguminosae (Fabaceae). Cowpea has a small genome with a 1C DNA content of 0n6 pg (600 Mbp, Bennett and Leitch, 1995) . Previous studies using C-banding have demonstrated that heterochromatin is present at both centromeres and telomeres on cowpea chromosomes Perrino, 1992, 1993) . In addition, the centromeric areas of all chromosomes contain a speciesspecific repetitive DraI family (pVuKB1) not present in related taxa, while eight subtelomeric and two centromeric chromosome regions include ribosomal genes . Our long-term objective is to build up a comprehensive molecular and cytological picture of the cowpea genome and to compare its organization with related species at genus, tribal and family levels. Together, these include a range of nutritionally and agronomically valuable species which can be considered to be part of a common genepool available to plant breeders, so a comprehensive view of the evolution and diversity of different DNA sequences within it is important.
Repetitive DNA sequences represent a substantial fraction of the nuclear genome of all higher plants (Flavell, 1986 ) † For correspondence.
Fax j39 80 5587566, e-mail germtg13!area.ba.cnr.it and account for much of the variation in DNA content between species. Some motifs are tandemly repeated, while others are dispersed in the genome ; heterochromatic regions are usually composed of one or a few families of tandem repeats. Many dispersed repeats are mobile genetic elements or transposable elements, first reported by McClintock (1948) in maize but since observed in almost all eukaryotic organisms. According to their mode of transposition, two major groups can be identified : those that transpose via RNA intermediates (retrotransposons ; Boeke et al., 1985 ; Grandbastien, 1992) and those that use DNA as direct transposition intermediates (transposons ; Federoff, 1989) . Many types of retrotransposon have been described, and both of the major subdivisions, those with and without long terminal repeats flanking the genes of the retrotransposon, are found in plants (Flavell et al., 1992 a ; Grandbastein, 1992) . A widespread and abundant type of LTRretrotransposon was first isolated from yeast (Ty1) and Drosophila (copia), and similar sequences are described as Ty1-copia group retrotransposons. (Another group, the Ty3-gypsy elements, differs from the Ty1-copia group by the gene order in the internal domain.) Since the first description of Ty1-copia elements from plants, Ta1 in Arabidopsis (Voytas and Ausubel, 1988) , Tnt1 in Nicotiana tabacum (Grandbastien, Spielmann and Caboche, 1989) , many other Ty1-copia transposable elements have been described. Using the polymerase chain reaction (PCR) to amplify a segment of the reverse transcriptase gene sequence which is flanked 0305-7364\97\090327j07 $25.00\0 bo970443 # 1997 Annals of Botany Company by highly conserved peptide motifs (used to construct primers), Flavell, Smith and Kumar (1992 b) , Hirochika and Hirochika (1993) and Voytas et al. (1992) showed that Ty1-copia retrotransposons are ubiquitous in all the plants tested, ranging from algae, bryophytes and gymnosperms to angiosperms. Within plants, sequence analyses of the reverse transcriptase gene revealed a very high heterogeneity even in the same species (e.g. , in marked contrast to insects and fungi, where the Ty1-copia retrotransposons are present in much lower copy number and are more homogeneous (Mount and Rubin, 1985) . However, copy number estimation has shown that a high proportion of the total DNA of many plants is represented by Ty1-copia retrotransposons. In barley, the single retroelement family BARE-1 is present in more than 10% copies (Suonieni, Nervato and Schulman, 1996) , representing more than 1 % of the genome, while have estimated that a large proportion, perhaps 40 %, of the genome of Vicia faba consists of Ty1-copia elements. However, within the genus Vicia, Ty1-copia copy number does not correlate with the genome size of the host, although the heterogeneity of elements is related to copy number. Extensive sequencing of the maize genome in the region of the Adh locus has shown that some 50 % of the DNA represents retrotransposon sequences, with multiple cycles of insertion of elements into pre-existing elements (San Miguel et al., 1996) .
In this paper we aimed to study the genomic organization of the reverse transcriptase regions of the Ty1-copia group retrotransposons in Vigna species, and to examine the distribution and localization of these elements by fluorescent in situ hybridization.
MATERIALS AND METHODS

Plant materials
The seeds of Vigna species used for this study were obtained from the International Institute of Tropical Agriculture, Ibadan, Nigeria, while seeds of other species belonging to different genera were obtained from commercial sources ( 
Polymerase chain reaction and sequence analysis
Total genomic DNA was isolated from fresh leaf material of V. unguiculata (cowpea), V. unguiculata subsp. dekindtiana (the wild progenitor of cowpea), V. luteola and V. exillata following the procedure of Dellaporta, Wood and Hicks (1983) . The internal domain of the reverse transcriptase (RT) gene of Ty1-copia retrotransposons was amplified by PCR using flanking primers corresponding to the peptide sequences TAFLHG (5h ACN GCN TTY YTN CAY GG 3h) and YVDDML (3h ATR CAN CTR CTR TAC RA 5h ; R l puRine, A and G ; Y l pYrimidine, C and T ; N l aNy base) following the methods of Flavell et al. (1992 b) . PCR products from the RT region of Vigna were cloned into the pCR2n1 vector using the Original TA Cloning Kit (Invitrogen), giving insert sizes of slightly less than 300 bp long. Two clones of cowpea and two clones of V. exillata were selected randomly and sequenced.
The FASTA programme of the GCG (Genetics Computer Group Sequence Analysis Software) package was used for homology search (GenBank-EMBL database release 83) and the amino acid sequences were deduced using the MAP programme of the same package.
Southern hybridization
Four to six micrograms of genomic DNA from the taxa used in this study (see Table 1 ) were digested with the restriction endonuclease DraI, separated on a 1n5 % agarose gel and transferred onto a nylon membrane. Labelling, hybridization, and detection of the PCR products followed the methods of Anamthawat-Jo! nsson et al. (1990) , using the non-radioactive chemiluminescence ECL-Direct labelling and detection system.
In situ hybridization
The RT gene product of cowpea was labelled with biotin-16-dUTP by PCR from genomic DNA. pTa71, a 9 kb fragment including the 18S-5.8S-25S rRNA genes and intergenic spacers derived from wheat (Gerlach and Bedbrook, 1979) was labelled with digoxigenin-11-dUTP by nick-translation.
Seeds of cowpea were germinated on moist filter paper at 22-25 mC. Roots were treated with a saturated solution of paradichlorobenzene for 2h at 12 mC before fixation in 100 % ethanol :acid acetic (3 : 1). Chromosome preparation was carried out using the method of Schwarzacher, Leitch and Heslop-Harrison (1994) . Briefly, fixed root-tips were washed in enzyme buffer (0n01  citric acid-sodium citrate, pH 4n6) followed by digestion with cellulase and pectinase (2 % w\v cellulase in 20 % v\v pectinase) at 37 mC for 40 min. Squashes were made in 45 % acetic acid and coverslips removed after freezing on dry ice. The hybridization mixture containing the probes was added to pre-treated slides and covered with plastic coverslips. Slides were denatured in an Omnislide in situ hybridization machine at 70 mC for 5 min ; the temperature was then gradually decreased to 37 mC (see Heslop-Harrison et al., 1991) . Hybridization between target and probe was carried out at 37 mC overnight. After several washes, with the most stringent one enabling sequences with more than 87 % to remain stably hybridized, the digoxigenin-labelled probe was detected with anti-digoxigenin-fluorescein Fab fragments and the biotin-labelled probe was detected with streptavidin-Cy3 conjugate. Slides were counterstained with DAPI (4h, 6-diamidino-2-phenylindole) for 10 min and mounted in antifade solution (AF1, Citifluor), before examination by epifluorescent light microscopy.
RESULTS
Southern hybridization and genome organization
The internal region of the reverse transcriptase (RT) gene was amplified from all the Vigna species and subspecies used, yielding the expected PCR product of 260-270 bp. The PCR products from cowpea (referred to as rt-cow), V. unguiculata subsp. dekindtiana (rt-dek), V. luteola (rt-lut) and V. exillata (rt-vex) were used as probes on Southern blots of DraI digests of genomic DNA at high stringency (86 %). Hybridization revealed some strong, multiple restriction fragments (bands) together with many other faint bands indicating the presence of many copies of the Ty1-copia elements in the genomes. In general, the similarities of bands and overall strength of hybridization of the probes to different Vigna species, subspecies and relatives correlated with the taxonomic relationships. Hybridization of rt-cow (Fig. 1 A) gave very similar, but not identical, patterns of DNA restriction fragments in cowpea (lanes 1 and 2) and its wild progenitor, V. unguiculata subsp. dekindtiana (lane 3). There were no conspicuous differences between membranes probed with rt-cow and rtdek (Fig. 1 B) . Major bands of 1n8 kb and from 4n2 kb to 6 kb were observed in both taxa, along with less intense bands at 1n5 kb to 1n3 kb, 0n9 kb, 0n5 kb and 0n3 kb. An extra band of about 20 kb was present only in the wild progenitor. Hybridization was weaker to V. luteola (lane 4) : major bands (1n8 kb, 1n5 kb, and 1n3 kb) were shared with cowpea ( Fig. 1 A) but V. luteola had an extra 300 bp fragment, also observed in membranes probed with the rt-dek probe (Fig.  1 B) . Probe hybridization to V. oblongifolia (lane 5) and V. ambacensis (lane 6) was similar to that for V. luteola except for an additional fragment of 0n6 kb, not present in other species of Vigna (Fig 1 A and B) . V. exillata (lane 7) had two bands (1n5 kb and 1n3 kb) present in all the Vigna species and subspecies analysed. Weaker hybridization, with fewer conserved bands, appeared after hybridization to the DNA of Glycine max, Cicer arietinum, Phaseolus coccineus (lanes 9, 10, 12, respectively) while no hybridization was detected with Vicia faba and Pisum sati um (lanes 8 and 11, respectively) DNA.
Southern hybridization of the rt-lut probe gave notably different restriction patterns to those found with rt-cow and rt-dek. The probe hybridized strongly to several restriction fragments from all the legume species (Fig. 2 A) , and fragments not detected with the other probes were found. The rt-vex probe, amplified from V. exillata (belonging to a different subgenus, Table 1 ), hybridized strongly to its own DNA relative to the DNA of the other taxa, but revealed similar fragments as seen after the hybridization with the rt-lut probe (Fig. 2 B) . Additionally, hybridization fragments were observed even with V. faba and P. sati um DNA.
F. 4. Alignment of predicted sequences of the reverse transcriptase domain of Ty1-copia elements. Identical amino acids to the ung4 of cowpea are indicated by dots, dashes show gaps that were introduced to optimize the alignment. Stop codon are marked by asterisks (*).
Localization of Ty1-copia elements on cowpea chromosomes
The abundance and chromosomal distribution of Ty1-copia elements in cowpea was investigated by fluorescent in situ hybridization to metaphase and prometaphase (Fig. 3) chromosomes, using biotin-labelled rt-cow as a probe. Hybridization revealed that the Ty1-copia elements are abundant and dispersed over all 22 chromosomes but are excluded from centromeric and subtelomeric regions ( Fig.  3 A and D) . They were also excluded from all the regions containing the ribosomal genes, as visualized by double in situ hybridization with digoxigenin-labelled rRNA genes ( Fig. 3 B and E) .
Nucleotide sequences
After cloning of the PCR product of cowpea and V. exillata, two clones from each species were arbitrarily chosen and sequenced. The clones from cowpea were ung4 (260 bp long) and ung10 (266 bp), while the clones from V. exillata were ex46 (260 bp) and ex49 (263 bp). Sequences are deposited in the Genebank-EMBL database as accessions Y12764, Y12763, Y12765 and Y13157. Databank searches detected high homology to the nucleotide sequence of the reverse transcriptase gene of Ty1-copia group retrotransposons. Figure 4 shows the alignment of the predicted peptide sequence of ung4, ung10, ex46 and ex49 with peptide sequences of previously isolated RT genes from the Ty1-copia retrotransposons Fab3 and Fab5, isolated from Vicia faba , Pis179 and Pis182 from Pisum sati um (Flavell et al., 1992 b) , Tb 1 (Schmidt, Kubis and Heslop-Harrison, 1995) and Tb 4 (Brandes et al., 1997) from Beta ulgaris, as well as the copia element from Drosophila melanogaster. One stop codon was observed in ex49 and the introduction of one frameshift was necessary in ung10 for alignment with conserved regions of the reverse transcriptase gene of other retrotransposons. High heterogeneity was found between the four Vigna peptide sequences and between these and the Vicia and Pisum sequences, all showing between 45 % and 53 % identity to one another. ung4 showed 60 % similarity (again at predicted peptide level) to Tb 4. In general, most of the identity was found at positions which were conserved in the majority of the compared retrotransposons, particularly in the KSLYGLKQA peptide box (Fig. 4) .
DISCUSSION
Sequence and taxonomic relationships
PCR products of a fragment of the reverse transcriptase gene of Ty1-copia elements were obtained from the two Vigna species studied here, and Fig. 4 compares their peptide sequences (predicted from the nucleotide sequence) with those from selected legumes and other species. Extensive sequencing of the reverse transcriptase gene fragments in several plant species has shown high heterogeneity between fragments, and Vigna follows the same pattern. In three species from the legume genus Vicia, found 50 % or higher levels of heterogeneity within and between species, although, where a significant fraction of all the retrotransposons present in a species were sequenced, sub-groups of elements are revealed with up to 96 % homology (Solanum tuberosum, Flavell et al., 1992 b ; V. melanops, Pearce et al., 1996 a ; Arabidopsis thaliana, Brandes et al., 1997) . The diverged families probably represent parallel evolution of groups of sequences from a common ancestor, although the unproven possibility of horizontal transmission of sequences between remote species cannot be ruled out (Flavell et al., 1992 a, b ; Flavell, Pearce and Kumar, 1994) .
In Vigna, Southern hybridization shows a good correlation with the expected relationships within the genus when the pooled PCR products of the reverse transcriptase gene were used as a probe (Figs 1 and 2 , Table 1 ). The subspecies of V. unguiculata (section Catiang), the three species in section Vigna, and the species V. exillata (subgenus Plectotropis) each showed characteristic sets of bands with minor variants within the groupings and major differences between groups. Among the more distant genera in the legume family, the presence and number of shared bands (Figs 1 and 2 ) supports the subdivision of the tribes Phaseoleae and Vicieae (Table 1) , but the retroelements in the Cicer species surprisingly have more homology to those from the Phaseoleae than those from the Vicieae. Unlike the Phaseoleae, the Cicereae and Vicieae are normally considered as part of a monophyletic group, supported at the molecular level by the shared derived feature of loss of one copy of a large inverted repeat in the plastid genome (Doyle, 1995 ; Liston, 1995) . Repetitive DNA sequences are useful taxonomic characters when used as probes for both Southern and in situ hybridization (Svitashev et al., 1994 ; Kamm et al., 1995) . Unlike either sequence information or data from restriction fragment length polymorphism (RFLP) analysis, allelic variations and single copies of a sequence have little effect on the results, but any variant must be highly amplified to give the repetitive fragments seen here (Figs 1  and 2 ).
Genome organization
The physical distribution of retrotransposons revealed by in situ hybridization to chromosomes follows that found in species with larger genomes : we observed exclusion from the centromeric regions and the rDNA sites (Moore et al., 1991 ; Kamm et al., 1996 ; Pearce et al., 1996 a, b ; Brandes et al., 1997) . In Vigna, there are also bands (or pairs of dots) indicating regions of increased retrotransposon concentration, particularly clear on the prometaphase chromosomes (Fig. 3 D) . These regions may include the repetitive restriction fragments observed by Southern hybridization (Figs 1 and 2 ) while the more dispersed signal is detected as less abundant fragments on the membranes. The centromeric regions of cowpea, which largely exclude retrotransposons (Fig. 3) , include a major tandemly repeated sequence family . Although the reason why non-genic repetitive sequences exclude retrotransposons is unknown, the tandem repeats may amplify and homogenize faster than the rate of retrotransposon insertion in that genomic region. The retrotransposon distribution in Vigna is notably different from Arabidopsis thaliana, where the Ty1-copia elements are clustered within the centromeric heterochromatin, a distribution shared with Cicer arietinum (Brandes et al., 1997) .
CONCLUSIONS
Retrotransposons are a major component of all plant genomes, and it is important to know about both their chromosomal distribution and systematic relationships within groups of species. Indeed, because of their mode of amplification and activation under stress conditions, it is probable that retrotransposons disrupt genes and alter genome organization, thereby providing a major mechanism giving rise to biodiversity, genetic variation and eventually speciation (Flavell et al., 1997) . We are now beginning to build up a picture of both sequence families and the physical distribution of Ty1-copia elements in the legumes (Figs 1-4 ; Lee et al., 1990 ; Pearce et al., 1996a , Brandes et al., 1997 which will be useful in exploring diversity in the tribe, and learning about mechanisms of genome evolution.
